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The risk of failure of timber structures in fire can be triggered by the presence of uncertainties within the structural design parameters. The Eurocode 5 [4] design criteria for timber structures do not adequately address the issue regarding these uncertainties. The probabilistic, in which, the issues of uncertainties are assumed to be explicitly accommodated within boxed values of deterministic partial safety factors applied to both loading and resistance. Safe timber structures can be designed with the Eurocode 5 [4] , the probability of failure is however unknown. Structural resistance and the applied loading are functions of several design variables, each with its own inherent uncertainty. The 
F F FRAME RAME RAME RAME best approach therefore, is to consider each design variable alone when modeling uncertainties. Several recent attempts were made to accommodate the uncertainties in structural analysis and design; particularly for timber structures, such as in [1] , 17], [18] , [19] , [20] , [21] , [22] . 
where f20 is the 20% fractile value of the mechanical resistance distribution in normal temperature condition. γ = 1.0 is the partial safety factor for timber in fire and kmod,fi is the modification factor for fire. The action is obtained from a simplified procedure as: Ed,fi = ηfiEd (2) Where, Ed,fi is the design action effect in fire, Ed is the design effect of action in normal temperature design and ηfi is the reduction factor for the design load in fire situation. The design charring depth is giving by: dchar, o = βnt (3) Where dchar,o is the design charring depth for onedimensional charring, β0 is one dimensional design charring rate under standard fire condition, = 0.7 mm/min (Figure 1 ). Portal frames are very important structures suitable for factories and workshops where large space is normally required. Based on the requirement of structural robustness in the Eurocode 0 [3] , the fire endurance of this type of structure need to be predicted. The idealization of the three-hinged frame results into a statically determinate structure of which analysis was made by considering its force and moment equilibrium. Bending moment is zero at the supports and the ridge, and critical at the rafter-column joints. Both the rafter and the column were designed to resist axial forces, bending moment and flexural buckling. The structural reliability analysis of the frame was undertaken through a developed MATLAB programme, based on First Order Reliability Method (FORM) with Genetic Algorithms (GA). Eight failure modes were identified as follows:
1
The three-hinged portal frame geometry was adopted from [24] . 
Effects of Actions Effects of Actions Effects of Actions Effects of Actions
The frame is exposed to the self weight of roof and variable action. The action effects of the actions considered in the analysis consist of an axial force, N and bending moment M, in the design calculation, the axial force and bending moment were represented by the design values Nd and Md. The combination of action is determined considering expression (6.10b) given in the Eurocode 1990 [3] . Considering the imposed load as the leading variable action, it follows that: Nd = ξγG(Nframe,k + Nroof,k) + γQ(Nimposed,k + Nѱ0,WNwind,k) (4) Md = ξγG(Mframe,k + Mroof,k) + γQ(Mimposed,k + Mѱ0,WMwind,k) (5) Where ξ = 0.85 is the reduction factor for permanent action, γG = 1.35 is the partial safety factor for permanent action, γQ = 1.5 is the partial safety factor for variable actions and ѱ0,W = 0.6 is the factor for the combination value of the wind action, Nframe,k, Nroof,k, Nimposed,k, Nwind,k are characteristic values of the axial forces due to self weight of the frame, self weight of the roof, imposed load and wind load respectively,
of the bending moments due to self weight of the frame, self weight of the roof, imposed load and wind load respectively. The imposed load on roofs was taken a 0.75 N/mm 2 for roofs without access based on Eurocodes 1-1 [26] . Wind load on the roof and frame were generated by a MATLAB function 'windload.m' (Appendix A), developed in the study based on the requirement of the Eurocode 1-4 [27] . The programme uses meteorological data for wind load reported in the work of Onundi [28] . The dead load for the frame was based on a variable to total load ratio of 0.8 (for light weight timber structures) as reported in [17] , [25] , which is given by:
Where, χ is the variable to total load ratio, Gk, Qk and Wk are characteristics dead, imposed and wind loads respectively. The load input process is implements within the main program 'genehunter.m' (Appendic B)
3. 
Limit state function for the bending failure mode:
Limit state function for the flexural buckling: They represent an intelligent exploitation of a random search used to solve optimization problems [16] . The basic techniques of the GA are designed to simulate processes in natural systems necessary for evolution, especially those that follow the Charles Darwins's principles of survival of the fittest. Genetic algorithms evaluate the limit state functions and computing safety indices by using the genetic search technique based on the natural selection process by following a search path until failure is reached [2] , [15] , [16] .
Comparing with the conventional FORM, the genetic algorithm has advantage that it does not involve the difficulties of computing the derivatives of limit state functions with respect to random variables and has the capability of identifying global optimum values of the limit state functions.
a° Figure 1 . Three hinge portal frame considered for analysis
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Where, χ is the variable to total load ratio, Gk, Qk and Wk are characteristics dead, imposed and wind loads respectively. The load input process is implements within the main program 'genehunter.m' (Appendic B) 
Limit state function for the flexural buckling:
where kmod is the modification factor for load duration, fc,o,k and fc,o,d are the characteristic and design compression strengths parallel to grain, σc,o,k, σc,o,d are the characteristic and design compressive stresses parallel to grain, fm,k and fm,d are the characteristic and design bending strengths, σm,k, σm,d are the characteristic and design bending stresses, γm is the material safety factor, kc is the reduction factor for flexural buckling, They represent an intelligent exploitation of a random search used to solve optimization problems [16] . The basic techniques of the GA are designed to simulate processes in natural systems necessary for evolution, especially those that follow the Charles Darwins's principles of survival of the fittest. Genetic algorithms evaluate the limit state functions and computing safety indices by using the genetic search technique based on the natural selection process by following a search path until failure is reached [2] , [15] , [16] .
Comparing with the conventional FORM, the genetic algorithm has advantage that it does not involve the difficulties of computing the derivatives of limit state functions with respect to random variables and has the capability of identifying global optimum values of the limit state functions. A genetic algorithm-based reliability problem can be formulated in the following form: Minimise β = ǁǁμǁǁ 2 = μ T .μ (10) Subject to g(μ) = 0 (11) where, μ is the vector of standard normal variable, μ T is the transpose of μ, g(μ) is the limit state function, β is the reliability index. The problem of equation 22.0 is a constrained nonlinear optimization problem. Various GA, operators; selection, reproduction, crossover and mutation are administered iteratively through generations, until either of the following stopping criteria is achieved. The laboratory experiments were conducted in accordance with EN 408 [6] and EN 384 [7] . Only the reference material properties (density, bending
F F FRAME RAME RAME strength and bending modulus of elasticity) were generated. Other properties such as tension and compression strength parallel and perpendicular to grain and shear strength were derived from the reference material properties using the property relation in EN 384 [7] and JCSS [12] . Statistical properties for loading and member dimensions are also required. Actual data on dead and live load uncertainties is not available for the Nigerian reality. The dead and live load statistics used in this research are based on the data reported elsewhere [9] , [14] . The statistical parameters are presented in Tables 1 to  3 considered at the experimental stage, safety index increases with increasing fire exposure time. From the laboratory experiment, Alstonia boonei was found to be the weakest in terms of strength, belonging to EN 338 [8] timber strength class D18, while Lophira Alata was found to be the strongest, belonging to EN 338 [8] strength class D60. It is observed from the plot, that compressive stress durability of timber structural members in fire is higher for timber specie of higher strength class (grade). For example, Frame made with Triplochiton Scleroxylon has safety index for compressive failure mode of 7.6 before the frame was exposed to fire. However after 60 minute of fire exposure, the safety index changed to 3.0 representing about 60% drop in safety level. Frame made with Triplochiton Scleroxylon is least safe for compression failure mode, while Lophira Alata frame displayed highest safety level for the compression mode of failure. Tensile strength parallel to grain, ft,0 (N/mm 2 ) 0.6fm 1.2COVfm Lognormal [7] , [12] Tensile strength perpendicular to grain, ft,90 (N/mm 2 ) 0.015ρden 2.5COVρden Lognormal [7] , [12] Compressive strength parallel to grain, fc,o (N/mm 2 ) 5fm 0.45 0.8COVffm Lognormal [7] , [12] Compressive strength perpendicular to grain, fc,90 (N/mm 2 ) 0.008ρden COVρden Lognormal [7] , [12] Shear strength, fv (N/mm 2 ) 0.2fm 0. Figure 2 was observed in Figure 3 . The plot shows the relationship between safety index and fire exposure time for bending mode of failure. In this mode of failure, frame made with Alstonia boonei is the weakest for bending mode of failure with safety index ranging from 7.6 to 3.0 at 0 and 60 minutes fire exposure time respectively. Also, frame made with Terminalia superba displayed highest safety indices at all values of fire exposure time. It is clear that the safety index for compression and bending modes of failure are very high at normal temperature. Considering the target safety index of 3.8 specified in the Eurocode 0 [3] , it can be deduced that, based on the results obtained from this study, the Eurocode 5 design criteria for compression and bending is adequate under fire exposure time up to 60 minutes, for Alstonia boonei and Triplochiton Scleroxylon timber species and beyond 60 minutes for the other timber species. Figure 4. shows the relationship between safety index and fire exposure time for the buckling mode of failure. In this plot, Alstonia boonei frame was also found to be the weakest for buckling mode of failure and the strongest frame for buckling mode of failure is that made with Lophira Alata timber. Comparing the buckling mode with compression and bending failure modes it is clear that, buckling mode of failure results to higher safety indices at higher exposure time. 
Example at 60 minutes fire exposure, the safety indices for Lophira Alata frame for compression, bending and buckling modes of failure are 6.4, 5.6 and 5.4 respectively, which are higher than the corresponding safety indices obtained for axial compression and bending modes of failure. Figure 5 shows the relationship between safety index and fire exposure time for the rafter-column connection failure mode. As against what was observed in the previous modes of failure in which, the safety indices are close for all timber species, before the frame is exposed to fire, the difference between least safety index (1.8) and the highest safety index (5.5) at 0 fire exposure time is 3.5. As the fire exposure time increased, the rafter-column connection for the Alstonia failure frame failed at 40 minute (safety index = 0), and for the Lophira Alata frame, the rafter-column connection failed at 52 minutes. Although, it was established that the frame can sustain fire for up to 60 minutes without violating the limit state for compression, bending and buckling, the results for rafter-column connection had threaten such achievement limiting the maximum fire exposure time at 3.8 target safety index [3] to less than 20 minutes to Alstonia boonei, Triplochiton Scleroxylon, Terminalia Ivorensis and Terminalia superba frames, and less than 40 minutes for Lophira alata frame.
The relationship between safety index and fire exposure time for column-base failure mode is displayed in Fig, 6 . The plots are similar to those of bending and compression. However, the safety indices are almost zero at 60 minutes exposure time.. The relationship between safety index and fire exposure time for the deflection mode of failure is presented in Figure 7 . It is observed that deflection is also critical for portal frame under fire. At 0 exposure time, to fire the safety index is high. However, as the fire exposure time approach 60 minutes, the tendency for deflection failure became higher especially for the frame made with timber species of low grade. Frames subjected to excessive lateral displacement are likely to fail. The tendency for this type of failure is triggered when the frame is exposed to fire as observed in Figure 8 . The trend is also similar, for the frame apex connection mode of failure as shown in Figure 9 . In Figure 10 , the fire resistance capacity of the portal frame made with Lophira Alata timber specie for the eight possible modes of failure were compare, in order to identify the most critical (predominant) mode of failure. It is clear from the plot that the rafter-column connect failure mode is the critical mode with least safety index at all fire exposure time . CONCLUSION A three-hinged timber portal frame was subjected to structural reliability analysis considering eight modes of failure, namely: member axial compression failure, member bending failure, member buckling failure, rafter-column connection failure, column base failure, member deflection failure, overall frame sway failure, frame apex connection failure. The results indicated that, the predominant mode of failure of a threehinged timber portal frame in fire is the failure of the rafter-column connection that resulted to least safety levels at all fire exposure time. Also, it was observed that at the critical mode of failure, the portal frame can sustain fire for up to 50 minutes before failure, however, the target safety index of 3.8 recommended in the Eurocode 0 [3] can only be achieved at fire exposure time equal to or less than 25 minutes. Based on the results obtain in this study, the following recommendation are made: i. Adequate fire protection measures should be given to the rafter-column connection, in order to increase the safety margin for timber portal frame in fire. ii. Timber species of higher strength class, such as Lophira alata should be used for the fire endurable timber portal frame. iii. Reliability-based approach should be accommodated in the design of timber structure in order to be able to meet the target safety level recommended in the Eurocodes iv. As a results of large member sections required for timber portal frame as indicated by the results of reliability-based design in this study, the use of glue lamination technology is necessary for the production of the columns and the rafters. 
